A pulse-chase technique involving the in vivo feeding of L-[1-3
Introduction
Xyloglucan is the major hemicellulose in the primary cell walls of dicotyledonous plants, constituting about 25% of the dry weight (Hayashi, 1989; Fry, 1989a) . It is a structural polysaccharide with a /3-( I->4)-linked glucose backbone and regularly occurring side-chains of xylose, galactose and fucose (Hisamatsu et ai, 1992) .
Xyloglucan can form strong hydrogen bonds to cellulose and is found in tight association with cellulose microfibrils in the cell wall (Keegstra et ai, 1973; Hayashi et ai, 1987 Hayashi et ai, , 1994a Baba et ai, 1994; Vincken et ai, 1995) . A typical xyloglucan molecule is long enough to hydrogen-bond to more than one microfibril simultaneously and it has been proposed that xyloglucans form tethers between cellulose microfibrils (Fry, 1989ft) . Stretched tethers would resist separation of microfibrils, limiting cell expansion. If this view of cell wall construction is correct, the cutting of xyloglucan chains would be expected to have an important effect on wall properties.
Degradation of xyloglucan (to form products small enough to pass through a dialysis membrane) has been shown to increase following some growth-promoting treatments, e.g. with acid or auxins, especially in legume stems (Labavitch and Ray, 1974; Jacobs and Ray, 1975; Gilkes and Hall, 1977) . Another effect of these treatments is a decrease in the mean M t of the bulk of the xyloglucan in the cell wall (Nishitani and Masuda, 1983; Talbott and Ray, 19926; Hoson et ai, 1993 Hoson et ai, , 1995 . Such effects on xyloglucan could be caused by cellulase or by xyloglucan-specific endo-glucanases (Edwards et ai, 1986; Maclachlan and Brady, 1994) . Also, when the turgor pressure is artificially raised, which would be expected to increase the rate of cell expansion, the M r of xyloglucan in the cell wall was reported to be rapidly increased (Talbott and Ray, 1992ft) , which could impose a homeostatic effect on growth rate. An increase in M t of xyloglucan could potentially be catalysed by xyloglucan endotransglycosylase (XET) (Smith and Fry, 1991; Farkas et ai, 1992; Fry et ai, 1992; Nishitani and Tominaga, 1992; Fanutti et al., 1993; Fry, 1995) .
for basic studies of cell wall biochemistry (for a review, see Fry, 1988) . Edelmann and Fry (1992a) described the use of cultured rose cells to monitor the kinetics of secretion and wall-binding of newly-synthesized xyloglucan. However, no studies have been reported on xyloglucan turnover during the dramatic changes in growth rate that occur as a culture progresses through the phases (lag-logarithmic-linear-stationary) of the growth cycle (King and Street, 1977) . These long-term changes in growth rate may differ in mechanism from the rapid, short-term changes caused by acid or auxins. Therefore, to investigate the changes in A/ r which may occur after deposition of xyloglucan in the cell walls of cultured rose cells, at different phases of the growth cycle, a pulse-labelling protocol was employed. In the present paper the technique is described, and quantitative data are reported on (a) the differences in M T between the xyloglucans of fast-and slow-growing cells, (b) the changes in M r with time after initial wall-binding, and (c) the sloughing of xyloglucan from the cell wall into the culture medium.
Materials and methods

Suspension-cultured rose cells
A cell suspension culture of rose (Rosa sp., 'Paul's Scarlet') was used in the experiments. This was grown under constant dim illumination on an orbital shaker (approximately 100 rpm) at 25 °C. The cells were subcultured every 2 weeks by transfer of 5 ml of culture into 50 ml of fresh medium in a 250 ml flask under sterile conditions. The sole carbon source supplied in the medium (Fry and Street, 1980) was 2% glucose. Cell expansion was monitored by measurement of the settled cell volume of 5 ml of culture every day during the 14 d culture period.
Materials
Tamarind xyloglucan was kindly donated by Professor JSG Reid, University of Stirling. Driselase was from Sigma Chemical Co., Poole, Dorset. L-[l- 3 H]Arabinose (97 MBq junior 1 )was custom synthesized by Amersham International, Bucks, and purified at Edinburgh by preparative paper chromatography. Marker isoprimeverose [a-D-Xy\p-( 1 ->6)-D-G1C] was prepared as described by Fry (1988) .
Viscometric analysis
Xyloglucan was extracted from the cell wall with 6 M NaOH + 1% NaBH 4 , which is the most effective extractant for wall hemicellulose (Edelmann and Fry, 1992/) ). It is advantageous to extract the xyloglucan quickly, but this requires the use of temperatures slightly above ambient. Extraction of xyloglucan by 6 M NaOH +1% NaBH 4 at 25 °C takes ~2 weeks to complete, but by raising the temperature to 37 C this can be accomplished in 24 h (Edelmann and Fry, 19926) . To assess the danger of the extraction method degrading the xyloglucan backbone, 1% (w/v) solutions of tamarind seed xyloglucan in 6 M NaOH + 1% NaBH 4 were incubated at 4, 25, 37, and 50 °C, and the viscosity of samples taken over a 6 d period was measured. Viscosity was measured as the efflux time in an Ubbelohde viscometer equilibrated in a 25 °C water bath.
There was little change in the viscosity of the xyloglucan solutions at 4-37°C over the 6 d period (Fig. la) . Experiments with carboxymethylcellulose led to a similar conclusion (Fig. lb) . Therefore, extraction for 24 h at 37°C will not alter the M r distribution of xyloglucan in the hemicellulose extracts to an appreciable degree. At the highest temperature tested (50°C), noticeable depolymerization occurred.
Pulse-labelling
L-[l-3 H]Arabinose (12 MBq. in lml H 2 O. sterilized by autoclaving) was aseptically added to 55 ml of rose cell suspension culture, 4 d or 9 d after subculturing. The culture was divided into 10 sterile polycarbonate containers (4 ml in each, 50 ml capacity) and left under normal growth conditions. One container was removed at each sampling time (1 h to 7 d after the addition of 3 H) and the 3 H-polysaccharides present were fractionated as follows.
Fractionation of cell polysaccharides
Each harvested culture was fractionated to give culture filtrate, protoplast contents, and wall hemicellulose. The culture was quickly filtered and washed with 6 x 5 ml distilled H 2 O on a Polyprep column (BioRad); the culture filtrate was collected under suction and stored frozen. The cells were frozen at -70 °C. re-suspended in sonication buffer (20 mM HEPES, 2% Triton X-100, 40 mM NaF, pH 7.0) at 50 mg (fresh weight) mP 1 , and sonicated for 2 min at 18 jirn amplitude in an MSE Soniprep-150 to rupture the cells and disrupt membranes. The homogenate was immediately filtered and washed with 6 x 3 ml sonication buffer through a Polyprep column; the filtrate (protoplast contents) was collected and stored frozen.
The cell wall-rich residue was resuspended in 5 ml of hemicellulose extractant (6 M NaOH, 1% NaBH 4 ) and left shaking gently at 37 °C for 24 h. The suspension was then filtered and washed with 3 x 3 ml hemicellulose extractant in a Polyprep column; the filtrate was collected {wall hemicellulose e.xtruct). Wall hemicellulose extracts were adjusted to pH^4.7 by slow addition of glacial acetic acid, desalted by extensive dialysis against distilled water at 4°C, and stored at -20 °C.
Gel-permeation chromatography (GPC)
The M r of the three polysaccharide fractions was investigated by GPC. Samples were dried under vacuum. In the case of protoplast contents, the dried material was washed by resuspension and centrifugation in 2 x 1 ml of toluene to remove Triton X-100. The residue was then re-dissolved in pyridine/acetic acid/water (PyAW, 1:1:23 (by vol.) pH4.7). A portion (1 ml) of each sample was mixed with 1 ml of an internal marker solution (0.04% (w/v) dextran M r >5xlO 6 , 0.04% (w/v) sucrose) before loading on to the gel column (Sepharose CL-6B, 80 ml bed volume), which was eluted with PyAW at 7 ml h" 1 ; 1.5 ml fractions were collected. PyAW was preferred over the distilled water used as eluent by Talbott and Ray (1992a) , which in our work caused the xyloglucan to elute in the void volume. The internal markers, assayed by the anthrone method (Dische, 1962) , were used to identify the void and included volumes (V o , £ av = 0.00; V v Ar av = 1.00) in each GPC run.
A small portion (200^1) of each fraction was assayed for radioactivity to give an elution profile of the total radioactive material. A further 1 ml portion was analysed for
Analysis of fHJxyloglucan
To distinguish [ 3 H]xyloglucan from other 3 H-polymers, a portion (1 ml) of each column fraction was dried under vacuum and digested with de-salted 'Dnselase' (Fry, 1988) for 48 h at 37 °C (40/il, 0.5% (w/v) in PyAW 1:1:98, pH4.7). The enzymic digestion was stopped by drying of the samples on to Whatman 3MM chromatography paper. Internal markers of xylose, arabinose, xylobiose
were also loaded on to each sample spot.
The paper chromatogram was developed in ethyl acetate/ pyridine/water (9:3:2, by vol.) for 20 h by the descending method and allowed to dry for 24 h before staining with a dilute solution of aniline hydrogen-phthalate [0.106% (w/v) phthalic acid and 0.033% (v/v) aniline in acetone/diethyl ether/H 2 O (49:49:2, by vol.)]. Isoprimeverose is diagnostic of xyloglucan, the only plant polymer known to contain the Xyla-(l->6)-Glc linkage. Driselase efficiently digests xyloglucan to release the disaccharide, which itself is resistant to Driselase. The faintly-stained isoprimeverose spots were identified, cut out, and assayed for radioactivity to give the profile of xyloglucan in each GPC analysis.
Estimation of {*H]xyloglucan molecular weight
Each fraction of the GPC elution profile was assigned a £ av value calculated relative to the positions of the K o and V, markers. Each fraction between £ av 0.05 and 0.8 was assigned an M, value estimate based on a calibration curve for the GPC column derived from the elution profiles of dextrans of known mean M,. 
Acid hydrolysis
Some column fractions were also treated with 2 M trifluoroacetic acid at 120 °C for 1 h. The hydrolysate was dried in vacuo and analysed by paper chromatography in ethyl acetate/ pyridine/water (9:3:2, by vol.).
/Assay of radioactivity
Aqueous samples were assayed for radioactivity after mixing with 10 vols of Triton scintillant (0.33% (w/v) PPO, 0.033% (w/v) POPOP in toluene/Triton X-100, 2:1 (v/v); counting efficiency for 3 H «42%). Samples on strips of chromatography paper were soaked with 2 ml non-Triton scintillant (0.5% (w/v) PPO, 0.05% (w/v) POPOP in toluene; counting efficiency for 3 H *7%). The weak staining with aniline hydrogen-phthalate, under the conditions described, exerted no significant interference in the detection of 3 H (data not shown). Both sample types were assayed in plastic scintillation vials (22 ml capacity) in a Beckman LS5000CE scintillation counter.
Results
Growth of suspension-cultured cells
After subculturing there was a lag period of about 2 d before cell expansion began (Fig. 2) . The settled cell volume increased dramatically during the period 3-6 d after subculture, then more slowly 6-11 d after subculture. Little change in settled cell volume occurred during the final 3 d of the standard culture period. Thus cell cultures that were radiolabelled at 4 d were undergoing rapid cell expansion, whereas those radiolabelled at 9 d were growing more slowly.
Uptake and incorporation of 3 H
In both 4 d and 9 d cultures, most of the [ 3 H]arabinose was taken up by the cells within 3 h (Fig. 3a, b) .
3 H was rapidly incorporated into the protoplast contents and wall hemicellulose (Fig. 3a, b ). Accumulation of total 3 H-polymer stopped within 3 h, supporting the earlier conclusion (Edelmann and Fry, 1992a ) that this type of experiment is essentially a pulse-chase, in which a population of 3 H-polysaccharide molecules can be followed as it ages in the cell wall.
Analysis of Driselase digestion products of the polysaccharides showed that 5-12% of the supplied 3 H was incorporated into xyloglucan (Fig. 3c, d ). Initially, this [ 3 H]xyloglucan was principally in the wall hemicellulose fraction (Fig. 3c, d ). Smaller amounts of [ 3 H]xyloglucan were rapidly accumulated in the culture filtrate for about the first 6 h, and then tended to plateau as reported before (Edelmann and Fry, 1992a (Fig. 3c, d ). Re-extraction of the wall residue by a second treatment with NaOH/NaBH 4 yielded very little additional radioactive material (Fig. 3b, d ).
M r of total wall-bound 3 H-hemicelluloses and of wall-bound fH]xyloglucan
The GPC profiles of total 3 H-labelled wall hemicellulose are exemplified in Fig. 4a, b . Almost all the wall 3 Hhemicellulose was partially included (k av 0.1-0.9) by the Sepharose CL-6B gel. There were two main zones of radioactivity, peaking at k av ~0.4 and 0.8. The yield of (Fig 4c. d) (Fig. 5a, b (Fig. 5a, b) .
The [ 3 H]xyloglucan molecules in the protoplast contents were of still lower M T . In protoplast contents sampled at 2 h after the addition of [ 3 H]arabinose (Fig. 5c) , almost all the [ 3 H]xyloglucan had k av >0.6; the main peak was at k av ~0.8 {M T «l0000), and there was a minor peak at A: av = 1.00 (M T <1000). In protoplast contents sampled at 3 d after the addition of [ 3 H]arabinose (Fig. 5d) , small amounts of [ 3 H] xyloglucan remained and the main peak was of lower M r (k av -0.9).
Changes in M r of wall xyloglucan in slow-growing cells
From the data exemplified in Fig. 4c, d , and from comparable profiles at different time points, the changes occurring in M w of wall-bound [ 3 H] xyloglucan were plotted (Fig. 6 ). In the cells pulse-labelled at 9 d after subculture, the [
3 H]xyloglucan of M w 36000-42000 accumulated in the culture filtrate, gradually over the course of the experiment, presumably by sloughing from the cell walls (Figs 3d, 5b) .
Changes in M r of wall xyloglucan in fast-growing cells
A similar decrease in M w of ~ 40 000 occurred during the first 48 h in the wall-bound [ 3 H] xyloglucan of the cells that were pulse-labelled 4 d after subculture. However, in these faster-growing cells, the M w was initially ~ 160000. The wall-bound [ 3 H]xyloglucan remained consistentlỹ 80kDa smaller than in the slower-growing cells (Fig. 6) .
Discussion
Differences between fast-and slow-growing cells
Each glucose unit along the backbone of a xyloglucan molecule adds 0.515 nm to the chain length (Taylor and Atkins, 1984) and contributes ~300 Da when all the side-chains and their frequency of occurrence are taken into account. Therefore, the 80 kDa difference between xyloglucans synthesized during periods of fast and slow growth represents roughly 270 backbone glucose residues or a 140 nm length. The data for M u . (Fig. 6) are relative values based on calibration of the GPC column with dextrans, which could have different elution characteristics compared to xyloglucan. However, as the same calibration curve was used throughout to convert k. iV values to M u , estimates, any changes in xyloglucan M r determined by this method are considered to be real.
In the light of many previous studies of the control of cell expansion (Cleland, 1977) , the walls of slowlyexpanding cells would be expected to be less extensible ('tighter') than those of rapidly-expanding cells. A cell wall that is rich in low-M r xyloglucan would be expected to be looser than one rich in high-M r xyloglucan. This is because a xyloglucan with a lower M r has less probability of coming into contact with two or more microfibrils, and therefore less chance of forming tethers to resist cell extension. Our results show that xyloglucan molecules newly-deposited into the walls of rapidly-expanding (4 d) cells were on average ~33% shorter than those newlydeposited into the walls of the more slowly expanding (9 d) cells. The respective chain lengths were ~275 nm and 410 nm, if the M T calibration is correct. The difference in xyloglucan chain length could therefore be the direct cause of the age-related difference in cell expansion rate.
Changes in xyloglucan with time after binding to the cell wall
In both fast-and slow-growing cultures, the wall-bound [ 3 H]xyloglucan molecules decreased in mean size bỹ 40 kDa («70 nm) during the first 2 d after their deposition in the cell wall. A decrease in M w could be due to (a) preferential solubilization of the larger xyloglucan molecules, leaving the wall enriched in smaller ones, or (b) depolymerization of wall-bound xyloglucans.
[ 3 H]Xyloglucan that accumulated in the medium had a lower M t than the wall-bound material: this argues against hypothesis (a). The culture medium contains XET activity (Smith and Fry, 1991) , so xyloglucan lost into the medium could have been subject to further changes in M r ; however, the constancy of the M w of soluble extracellular [ 3 H]xyloglucan (Fig. 5a, b) suggests that any such changes were negligible. It is concluded that depolymerization of [ 3 H]xyloglucan occurred in the cell wall.
One wall enzyme activity that could effect a partial depolymerization is cellulase [or xyloglucan-specific endo-/3-(l -»4)-D-glucanase], which catalyses hydrolysis of the backbone of xyloglucan. Another possibility is XET, whose activity cleaves the xyloglucan backbone, but then transfers the (potentially) reducing terminus of the newlycut (=donor) xyloglucan chain on to the non-reducing terminus of another (=acceptor) xyloglucan molecule. XET activity is certainly present in these (Smith and Fry, 1991; JE Thompson and SC Fry, unpublished results) Xyloglucan in cultured rose cell walls 303 and other cell cultures (Hetherington and Fry, 1993; Potter and Fry, 1994) , although it is difficult to prove whether such XET acts on wall-bound xyloglucan in vivo.
Enzymic depolymerization would yield fragments of xyloglucan in the cell wall. Any such fragment that was still hydrogen-bonded to a microfibril would remain within the wall and be included in our wall hemicellulose fraction. Even fragments with as few as five backbone glucose residues may be capable of hydrogen-bonding to cellulose (Hayashi et ah, 19946) . On the other hand, xyloglucan fragments that were not hydrogen-bonded to cellulose (and that were small enough to move freely through the wall matrix) would have been sloughed into the culture medium, effectively preventing them from playing any further role in wall architecture. This would be seen as a loss of wall-bound xyloglucan with an identical gain of relatively low-M r xyloglucan in the culture filtrate: both these events were observed in the present work. The fact that the fragments produced during the depolymerization of wall xyloglucan were released into the medium indicates that the excised lengths were principally those that were not directly hydrogenbonded to microfibrils. Such lengths would be 'loose ends' at the reducing and non-reducing termini of xyloglucan chains, and inter-microfibrillar tethers (Fig. 7) .
In conclusion, the data indicate a gradual, but quite extensive, trimming of non-cellulose-bound domains of wall-bound xyloglucans during the normal growth of Rosa cell cultures. Previous microscopical evidence has suggested a trimming of xyloglucan from the exterior microfibrils as cultured Rubus cells age (Ruel and Joseleau, 1993) . The present work indicates that the trimming process also occurs in recently deposited wall layers of rapidly growing cells.
Biological consequences
Trimming could have two important consequences. First, after trimming, most of the remaining xyloglucan will be fully bound to microfibrils, and not present as loose ends or tethers. Fully-bound xyloglucan would be less accessible to XET action and, therefore, have less potential to form new tethers by interpolymeric transglycosylation. The gradual cleavage of tethers, and loss of ability to form new tethers, may result in the outer layers of the cell wall becoming less effective at load-bearing than the inner, recently-deposited layers. This would support the idea that the most relevant part of the cell wall for the control of cell expansion is the innermost, newlydeposited layer (in cultured rose cells, <2-d-old). Consequently, the most recently produced polymers, manufactured to suit the plant's most up-to-date perception of its environment, would bear the major responsibility for governing the growth rate.
Second, the short lengths of xyloglucan solubilized by trimming may include growth-regulating oligosaccharins, such as XXFG, whose accumulation in the media of cultured cells as a result of polymer breakdown has been reported (McDougall and Fry, 1991) . Such by-products of trimming could themselves play a role in governing the growth rate.
